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The high efficiency of close-formation flight relies on accurate relative position control between the follower and the lead aircraft, especially under the effect of coupled aerodynamics. Many control strategies have been proposed to treat close-formation flight with consideration of coupled aerodynamics. 2, 3 In this Note, a motion synchronization control strategy is proposed to synchronize the relative position tracking motion between multiple follower aircraft. The NASA-Hallock-Burnham vortex profile is adopted to calculate the vortex-induced forces and moments. The autopilot models of the followers are modified with consideration of the coupled aerodynamics. Finally, the simulation results demonstrate the effectiveness and performance improvement with the proposed control method. Figure 1 is a schematic diagram of formation flight. As shown in Fig. 1a , the formation geometry between the lead and follower aircraft can be described by three relative coordinates: the longitudinal separation x, the lateral separation y, and the vertical separation z.
Vortex-Induced Aerodynamics
The dynamics of aircraft in close-formation flight are much more complicated when compared with the dynamics in free flight due to aerodynamic interaction that arises from the vortex generated by the lead. Because this formation flight phenomenon significantly alters the follower dynamics, its effect has to be sufficiently captured in modeling for controller design, to ensure reliable performance of the control system in the real operating environment.
For close-formation flight, the impact of the longitudinal separation x on the induced forces and moments is much smaller than the lateral separation y and the vertical separation z (Ref. 3) . Therefore, we neglect the effect of the longitudinal separation x in vortexinduced aerodynamics modeling without the loss of significance. Furthermore, we assume that the lead and follower aircraft fly in parallel almost all of the time and there is no attitude difference between them, or the difference is small enough to be tracked quickly.
The tangential velocity V θ (r ) is frequently used to model a vortex in the rolled-up wake behind an aircraft. Here, we adopt the following NASA-Hallock-Burnham profile because it correlates well with experimental data (see Refs. 3 and 4):
where r is the radius from the vortex center, r c is the core radius of the vortex, = Mg/ρV b 0 is the circulation that describes the vortex strength, Mg is the weight of aircraft, V is aircraft velocity, ρ is the air density at flight altitude h, b is wingspan, and
is the displacement between the vortex pair. Figure 1b shows the tangential velocities V Rθ and V Lθ of the right and the left vortex, respectively, at point P. These tangential velocities can be decomposed into upwash w and sidewash v. The vortex-induced upwash w changes the velocity vector of the follower aircraft. This change translates into an increase in the angle of attack and, thus, the lift. Therefore, the upwash w leads to changes in lift ( L), rolling moment ( R), and drag ( D) on the follower aircraft. On the other hand, the sidewash v at the vertical tail generates a side force ( SF). The changes in these force and moment coefficients, C L , C R , C D , and C SF , can be calculated as follows:
where the lift curve slope C Lα = 5.67 is used, 3 C L is the local lift coefficient, c(s) is the chord distribution along the wing, A is the wing area, C vt is the lift curve slope of the vertical tail, h z is the tail height, and c tail (s) is a width function of the vertical tail. Moreover, the upwash w(y + s, z) and sidewash v(y, z + s) have the following expressions:
with
When an F/A-18 class aircraft pair in formation flight is considered Fig. 2 shows the induced force and moment coefficients. The parameters of the aircraft are given in Table 1 and taken from http://www.fas.org/man/dod-101/sys/ac/f-18.htm. The results show that the optimal relative positions for maximal induced lift are
The upwash and sidewash also introduce changes in moments on the follower aircraft, including the yawing moment, pitching moment, and the rolling moment. The rolling moment model is introduced here because it is one factor of stability, especially when a large aircraft is followed by a smaller one. If the lead and follower aircraft are the same type, such as the example of three F/A-18s in this Note, flight tests show that the induced moments on the follower are controllable. 
Aircraft Autopilot Models
Each aircraft in formation is equipped with a flight control system that includes three-channel autopilots: Mach-hold, heading-hold, and altitude-hold autopilots 2 : where subscript c denotes the command for autopilot, ψ is the heading angle, and τ V , τ ψ , τ ha , and τ hb are the aircraft velocity, heading angle, and two altitude time constants. These autopilot models make up the basic flight control system for the lead and follower aircraft. They can be directly applied to the lead aircraft. The outer-loop formation flight control system resides on the follower aircraft. It receives measurements of the follower's position relative to the lead aircraft and drives the reference signals of the follower's three-channel autopilots. For the follower aircraft, the autopilot models need to be modified to take into account the vortex-induced aerodynamic forces by the lead aircraft.
Models for the Follower Aircraft
Applying a similar modification process as that in Ref. 2, we get the following modified autopilot models for the follower aircraft:
where subscript F denotes the follower aircraft, q = ρV 2 /2 is the dynamic pressure, and C DFy , C SFy , C SFz , and C L Fy are the stability derivatives evaluated at the optimal relative position [y o , z o ]. When a design philosophy similar to that in Ref. 2 is obeyed, the induced moments are not incorporated into the design of the outerloop formation-hold autopilots.
Kinematics for Close-Formation Flight
The kinematics between the follower and the lead aircraft are governed byẋ
where e ψ = ψ F − ψ L is the heading angle error.
Substituting the autopilot models in Eqs. (11-13) into the kinematic equations, we can obtain the following six-dimensional nonlinear equations for the follower aircraft:
where the control inputs of the lead aircraft, V L , ψ L , and h Lc , are considered as disturbances.
Controller Design
A triangular formation-flight configuration, with one lead followed by two followers at right-behind and left-behind, is considered. The control objectives become 1) to maintain the optimal relative positions between the follower and the lead aircraft to obtain the maximal induced lift, even in the face of the lead maneuvers, and 2) to regulate the responses of two followers to achieve synchronous tracking motion.
Linear Proportional-Integral Controller
The linear proportional-integral (PI) controller in Ref. 6 is employed for the tracking control of the follower aircraft. The controller for the x/y channel contains a linear mixer on the x/y error signals and proportional plus integral action. The z channel controller is a standard PI controller driven by its tracking error. These controllers are
where i denotes the ith follower aircraft, e x i = x i − x di , e y i = y i − y di , and e z i = z i − z di are the relative position tracking errors,
, and k ψ i are control gains; and h 0 i is the initial flight altitude.
Tracking with Synchronization
The cross-coupling concept, which was first introduced in Ref. 7 , is employed here to synchronize the relative position tracking motion of two follower aircraft.
First, the position synchronization errors are defined as follows:
ε y 1 = e y 1 − e y 2 , ε y 2 = e y 2 − e y 1 (27)
Then, the coupled position errors are formed to include both the position tracking errors and the position synchronization errors:
where β x i , β y i , and β z i are positive synchronization gains for the x, y, and z channels of the ith follower aircraft. Hence, the generalized Fig. 3 Structure of control system. errors for the x and y channels will be , respectively, the following tracking synchronization controllers are obtained: 
The overall structure of the proposed formation flight controller is shown in Fig. 3 . The position tracking errors of two follower aircraft are fed to synchronization blocks to generate the coupled position errors, which are mixed by the heading angle or velocity tracking errors to form the final error signals for the PI controllers. 
Simulation Results
Simulations At the beginning, two follower aircraft fly in the optimal relative positions with respect to the lead. At 10 s, the lead begins to execute maneuvers: 1) the heading angle maneuvers from 0 to 0.524 rad (30 deg) at a rate of 0.0524 rad/s and 2) the flight altitude changes from 12,192 to 13,192 m at a vertical velocity of 100 m/s. Figure 4 shows the simulation results without synchronization strategy, that is β x i , β y i , β z i = 0. Three relative positions and the aircraft velocity achieve asymptotic tracking, although the obvious differences between the tracking errors of two followers can be observed. On the other hand, Fig. 5 shows the simulation results with the synchronization strategy, that is, β x i , β y i , β z i = 1. In this case, both followers achieve the asymptotic relative position tracking. In addition, the differences between the relative position tracking errors of two followers have been largely reduced. In other words, these two followers form the close-formation flight with the lead aircraft in a more "synchronized" pattern.
Conclusions
The linear synchronized PI controller was developed for the follower aircraft to track their optimal relative positions with respect to the lead. The synchronized motion between two follower aircraft was achieved by using the crossing-coupling concept. This synchronization strategy was combined with the linear PI controller to form an outer-loop synchronized tracking controller. Simulation results of three F/A-18s in a triangular formation flight demonstrated the effectiveness and performance improvement with the proposed synchronization strategy. In this Note, attention was confined to the induced aerodynamic forces due to the outer-loop control structure. Further work is being undertaken to include both the inner-loop and the outer-loop controller design.
